changes affecting germination when compared to our earlier results (8). Methods used were described previously (8), with the exception that the seeds were planted in 125-ml flasks containing a disc of 5.5 cm, Whatman No. 2 filter paper, and 1.5 ml water. Germination cabinets were held at + 1°C of the indicated temperature. Flasks were sealed with rubber serum stoppers through which an amount of ethylene in I ml of a stock preparation could be injected to achieve the desired concentration. Venting of the flask (to release ethylene) was accomplished by a brief aeration and substitution of a loose-fitting aluminum sheet over the flask mouth in place of the rubber stopper. Typically, seeds were imbibed in darkness for 3 days at 25°C, exposed to unfiltered fluorescent light (60 ,uE m-2 s-') for 12 h in a growth chamber held at 25°C, and germinated in darkness at 25°C for an additional 5 days. Light-proof plywood boxes provided darkness. All manipulations during an experiment were done in a 20°C darkroom provided with a dim-green safelight. An experimental treatment consisted of two flasks of 100 seeds each. Each experiment was repeated one or more times. Germination means of all experiments ± SE are presented.
Germination of dormant seeds is usually stimulated by added ethylene if it has any effect at all (2) . Occasional reports of inhibition have appeared (5) but only at high concentrations (10 ,tl/l or higher). In an earlier report (9) , we noted that germination of Potentilla norvegica L. (rough cinquefoil) was greatly inhibited by 1 1l/l of ethylene. In another report (8) , we showed that seeds of this species were dependent on active phytochrome for germination. With a constant temperature of 25°C, prolonged (24 h) irradiation with fluorescent light was required to achieve high germination. Alternatively, intermittent exposures over a long period were also effective. Using temperature shifts and a KNO3 substrate, even brief irradiances with a broadband red source promoted some germination. Germination in darkness was typically 3% or less (8) . Our purpose in this study was to develop the physiological parameters that influence the germination response of P. norvegica seeds to ethylene.
MATERIALS AND METHODS Seeds of P. norvegica were collected in Wisconsin in 1966 and, after cleaning to remove debris and lightweight seeds, stored at -20°C in sealed containers. Even though seed age might seem great, these storage conditions resulted in only minor physiological changes affecting germination when compared to our earlier results (8) . Methods used were described previously (8) , with the exception that the seeds were planted in 125-ml flasks containing a disc of 5.5 cm, Whatman No. 2 filter paper, and 1.5 ml water. Germination cabinets were held at + 1°C of the indicated temperature. Flasks were sealed with rubber serum stoppers through which an amount of ethylene in I ml of a stock preparation could be injected to achieve the desired concentration. Venting of the flask (to release ethylene) was accomplished by a brief aeration and substitution of a loose-fitting aluminum sheet over the flask mouth in place of the rubber stopper. Typically, seeds were imbibed in darkness for 3 days at 25°C, exposed to unfiltered fluorescent light (60 ,uE m-2 s-') for 12 h in a growth chamber held at 25°C, and germinated in darkness at 25°C for an additional 5 days. Light-proof plywood boxes provided darkness. All manipulations during an experiment were done in a 20°C darkroom provided with a dim-green safelight. An experimental treatment consisted of two flasks of 100 seeds each. Each experiment was repeated one or more times. Germination means of all experiments ± SE are presented.
RESULTS
The Pfr-stimulated germination of P. norvegica seeds was reduced about one-half by 0.2 pl/l ethylene supplied continuously from planting ( Fig. 1) . One ,Il/l ethylene saturated the inhibition. Dark germination of comparably treated seeds was 1% or less. By varying the time of gas injection and/or release, we found that the interval of maximum sensitivity to ethylene inhibition began during the 24-h light exposure and ended approximately 24 h later (Fig. 2) . Little ethylene action occurred during the 3-day dark imbibition period preceding the light exposure. Similarly, if ethylene treatment was withheld until 24 h after the light exposure, little inhibition resulted, suggesting an 'escape" from ethylene control. A more detailed analysis of the escape (Fig. 3a) showed escape from eihylene inhibition was complete by 30 h after a 12-h light exposure. Escape from phytochrome control, (Fig. 3b) (Fig. 4a) . Imbibition at 40°C reduced germination greatly in air, but caused ethylene to be promotive (Fig. 4a) . (Fig. 4b) . In air, maximum germination response (about 90%o) was at 25°C. An alternating temperature of 16 h at 20°C and 8 h at 30°C during germination, however, allowed about 65% germination of 1 ,il/l ethylene-treated seeds (Fig. 4b) . Again, we found that in air, germination in darkness after any combination of imbibition and germination temperature was less than 3%.
Tests of other temperature alternations having 16 h at the low and 8 h at the high temperature showed 20 to 35°C allowed about 10 to 20%o more germination of ethylene-treated seeds than 20 to 30°C. Alternations of 20 to 25°C or 25 to 35°C were less effective (data not presented). A single 3-to 6-h shift in temperature to 40°C before or during the light exposure also increased germination of 1 Aill ethylene-inhibited seeds from about 7% in constant 25°C to about 20%o after the shift. However, increasing ethylene dose also increased inhibition at 20 to 300C alternating temperature. Inhibition was similar to that shown in Figure 1 for 25°C constant except that roughly an order of magnitude more ethylene was required for a given level of inhibition (data not shown).
Because alternating temperatures effectively reduced ethylene inhibition, we wondered if low levels of ethylene might then promote germination (Table IV) . While germination in darkness was not enhanced, germination of seeds receiving a 5-min Rirradiance was increased 2-to 3-fold by 0.1 and 1 ulll ethylene, respectively.
Interaction of ethylene and phytochrome was more specifically studied by varying the duration of ethylene exposure and manipulation ofphytochrome at the conclusion ofthe ethylene treatment (Table V) . The rationale for irradiating with FR at the conclusion of the 12 h fluorescent irradiation was to change Pfr back to Pr. Figure 2 showed that with continuous exposure to ethylene from the end of The ethylene inhibition occurred during the early stages of the germination process as shown by injection and release of ethylene at intervals over a 10-day period from planting to germination (Fig. 2) . Delaying introduction of ethylene until about 24 to 30 h after the 12-h fluorescent irradiation allowed the seeds to escape from the inhibition by ethylene (Fig. 3a) . Similarly, in air, approximately 12 h after the fluorescent irradiation, the seeds escaped from phytochrome control in the sense that short FR irradiations were no longer able to reduce germination (Fig. 3b) .
Inhibition of germination by ethylene could be reversed by simply releasing the gas and reirradiating with fluorescent light (Table I ). This suggested that ethylene acts like FR in reducing germination since reactivation of phytochrome is required to increase germination again. It also indicated that ethylene must be loosely held, as previously suggested by Sisler (7), since venting released the inhibition.
Ethylene must be present for at least 24 h to inhibit germination to the 10%o level (Table II) . This does not necessarily imply that ethylene accomplished anything irreversible during the period, just that subsequent germination was reduced to a minimum.
Reversibility of ethylene inhibition by R was partly a function of concentration (Table III) , similar to that shown in Figure 1 for continuous exposure.
Preliminary treatment of seeds at either low or high temperatures reduced the ethylene inhibition somewhat. Since ethylene exerted its greatest effect during the germination period (Fig. 2) , it was not surprising that temperature changes during this period affected the ethylene inhibition most. Effects of temperature on ethylene-stimulated germination also have been noted by Schonbeck and Egley (6) . Alternations of 20 (16 h) to 30°C (8 h) greatly reduced the inhibition (Fig. 4b) even though ethylene was not released. A similar altemation at 20 to 35°C was even more effective. These data also suggested temperatures >30°C affected germination in a manner which not only reduced ethylene inhibition, but actually caused stimulation. Continuous exposure of the seeds at these temperatures was not favorable for germination of P. norvegica seeds. The effect is somewhat comparable to that of Amaranthus retroflexus L. seeds where higher temperatures are not favorable for the association of Pfr with the disordered membrane(s) (1).
More direct evidence for the action of ethylene and the fate of Pfr is given in Table V . In seeds remaining in darkness after the release of ethylene (DK), germination decreased as duration of ethylene exposure increased. This indicated that there was enough Pfr at time 0 to promote about 40%o germination. However, after 12 h the remaining Pfr was inadequate for more than about 10%o germination, suggesting a decay to Pr. Irradiations with 5 min R at the end of the ethylene exposures (Table V) indicated that, even after 48 h, ethylene had not done anything in about 60%o of the seeds that could not be reversed with Pfr. This suggested that when ethylene was present it prevented Pfr from acting, but venting allowed the loosely held gas to escape and its action ceased. Few seeds irradiated with FR germinated, even after 48 h of ethylene exposure. These data showed that ethylene prevented Pfr from acting inasmuch as 48 h was several-fold longer than the phytochrome escape time of 12 h (Fig. 3b) .
While lacking direct evidence, the data nonetheless suggest that ethylene inhibits P. norvegica seed germination by acting at a site where phytochrome must associate to act. Presumably, this could be a membrane (4) . There is the further suggestion that ethylene may act by simply associating with a site as previously suggested by Sisler (7). Other works suggest ethylene is metabolized in affecting its action (3) . The association of ethylene with the site must be relatively loose, because venting the gas ended its action.
